en acetabular cups coated with hydroxyapatite (HA) had originally been inserted in five primary and five revision total hip replacements. The thickness of the HA was 155 ± 35 µ µ µ µm. The cups, which were well-fixed, were retrieved, with their adherent tissue, at reoperation after 0.3 to 5.8 years because of infection (five hips), wear of polyethylene (three hips), and instability (two hips).
Hydroxyapatite (HA) has the ability to gain rapid anchorage to bone. [1] [2] [3] Plasma spraying of an HA coating on titanium implants combines this potentially beneficial characteristic with the mechanical strength that is required of a prosthesis. 4, 5 Preliminary studies of the use of HA-coated hip T prostheses have given mostly encouraging results. [6] [7] [8] There have, however, been reports of complications such as wear of polyethylene, osteolysis and loosening. 9, 10 The stability of the coating and the long-term effects of HA are also uncertain. 11 Our aim was to investigate the tissue reaction adjacent to well-fixed HA-coated acetabular cups, the degree of contact and the fate of the HA coating.
Patients and Methods
Between December 1988 and August 1994 ten patients, six women and four men, with a median age of 55 years, received a hemispherical HA-coated acetabular cup. The diagnoses were arthritis in five patients, dysplasia in two, congenital dislocation in two, and Legg-Calvé-Perthes' disease in one. Table I gives the details of the patients.
The cups (Landos Corail; Landanger, Chaumont, France) were similar, although eight were supplied with 2.5 to 3.5 mm self-tapering threads (Tropic), and two (Atoll) were secured by press-fit and screws. The Ti6Al4V backing had a central hole surrounded by five or six smaller holes, and was available in nine sizes with reamers fitting each size. The entire outer surface was plasma-sprayed with a layer of HA of 155 ± 35 µm. This had a purity greater than 98%, a density between 1.2 and 1.6 g/cm 3 and a crystallinity between 50% and 70%. The bonding strength of HA to metal was between 20 and 30 MPa, and the surface roughness was characterised by an Ra value of about 10 µm and an Rt value (distance between the highest peak and the lowest valley of the surface) between 60 and 65 µm. The polyethylene inlay (GUR 412, Chirulen, Germany) had a partly cylindrical outer surface and a spherical articular surface and was fixed to the metal backing by a snap-fit mechanism. The femoral components were of titanium alloy and included six which were entirely HA-coated (Landos Corail), three which were cemented (Landos Titane; Landanger) and one which was cementless (Zweymüller; Sulzermedica, Winterthur, Switzerland). We used 32 mm femoral heads, eight of 316L stainless steel (Inox) and two of 2AI3O ceramic (Biolox; Landanger, Chaumont, France).
There had been five primary total hip replacements and five revision procedures for aseptic loosening in which the well-fixed femoral components were retained. In one revision (case 1), quantities of particulate autogenic and allo-genic bone had been grafted into a large central acetabular defect, but there was no other bone grafting. The maximum gap between the metal backing and the acetabular bone was measured on the postoperative radiograph along a line through the centre of the head. The lateral cup angle was assessed by the interteardrop line and a line through the points of intersection between the femoral head and the periphery of the metal backing (Table I) .
Four of the five hips which proved to be infected had been painful throughout the follow-up period. The remaining hips functioned well initially although four developed pain during the final year before the reoperation (Table II) . Radiologically, periprosthetic bone remodelling was seen in all hips, including bone apposition and reorganisation, apparent filling of the gap, and obliteration of any postoperative periacetabular sclerotic lines. No migration of the cup or radiopaque double lines at the bone-implant interface were observed.
The hips were reoperated on at a median of 3.9 years (0.3 to 5.8) because of infection (five), wear of polyethylene (three), or instability (two). Preoperative eccentricity of the femoral head within the cup indicating wear of polyethylene was assessed for those hips with available, standardised radiographs. 12 Reoperations were performed through a direct lateral approach 13 and included the extraction of all femoral heads and polyethylene liners as well as three loose and three well-fixed femoral components. We osteotomised the periacetabular bone using curved chisels, before levering off the metal backings with adherent tissue. Some of the remaining periprosthetic acetabular tissue was chiselled out from eight hips. Varying degrees of osteolysis were seen in all hips, either in the proximal femur, along the margin of the cup, or centrally within the acetabulum of one hip (case 10). Positive bacterial cultures were obtained from all hips suspected of infection (Table II) .
The removed cups, complete with adherent bone and soft tissue, as well as any biopsies and one unused reference cup, were orientated and marked, fixed by immersion in 4% neutral-buffered formaldehyde, dehydrated in a graded series of ethanol, and finally embedded in a light-curing resin (Technovit 7200 VLC; Kultzer & Co, Wehrheim, Germany). We aimed to cut diagonally through the centre of the cup, from its cranial end and perpendicular to its open surface. Biopsies were cut perpendicularly to the bone surface which had been in contact with the prosthesis. For cutting and grinding, we used Exakt sawing and grinding equipment (Exakt Apparatebau, Norderstedt, Germany), according to the method described by Donath 14 and Donath and Breuner. 15 The undecalcified sections were ground to a thickness of about 10 µm before routine histological staining with 1% Toluidine Blue in 1% borax solution mixed in a 4:1 proportion with pyronin-G solution. With this staining technique various structures can be identified by light microscopy. Old bone is pale purple, new bone is dark purple, osteoid is grey-bluish, and soft tissue is blue.
The histomorphometric assessment was done directly using a light microscope (Leitz Aristoplan, Wetzlar, Germany) and a mouse connected to Leitz Microvid equipment which was coupled to a personal computer. For each cup the percentage of bone in the threads which were completely filled with tissue was calculated, and compared with the corresponding outfolded mirror images of the threads. The length of the implant surfaces which were covered with tissue was measured, and these parts of the specimens were included in the analyses. We excluded those implant surfaces which were not covered with tissue, except for the registration of HA coating defects on the tips of the threads. Disruption of the metal interface was assumed to have taken place in biopsies with smoothly-shaped surfaces which corresponded to the surfaces of the implant. These biopsies were included in the assessments of the interfaces and the HA coating. The implant-tissue, HA-tissue and metal-tissue interfaces were analysed in order to estimate the percentage of direct bone contact. The metal interface was also examined in order to assess the percentage of HA remaining in contact. The thickness of the HA layer was measured perpendicularly to the HA-metal interface at intervals of 150 µm. HA degradation and replacement were registered as well as the distribution of HA and metal particles. Polyethylene particles were identified using polarising filters. We also undertook a qualitative evaluation of the specimens. Statistical analysis. The data were coded, computerised and analysed statistically, using the Mann-Whitney U test to compare continuous variables; p values of less than 0.05 were considered to be statistically significant.
Results
All cups were well fixed and could not be separated manually from the tissue. The best fixation and bone stock were found in the cranial region of the cup. During the removal of the cups, all bone and soft tissue, as well as most of the HA, disconnected from the two unthreaded backings. The screw cups had the most bone adherent to the cranial threads. The least bone was attached to the caudal parts of the implants. Even by 0.3 years a layer of osteoid-like tissue, usually less than 50 µm thick, had formed directly on most of the HA coating (Fig. 1a) . When mature bone was present in the threads, coalescence of this bone and the osteoid-like tissue on the HA coating was observed (Figs 1b and 1c) . The osteoid-like tissue had changed into bone of more regular appearance at 0.9 years, but zones of weakly stained bone with apparently empty cellular lacunae in many cases, remained for years between the HA coating and the regular bone. All primary cup specimens, and two of the three revision screw cups, had threads completely filled with tissue, in which the median amount of bone was 47% (38 to 81). This was not significantly different from the median of 43% (40 to 49) found in the mirror images (Table III) . Bone remodelling took place adjacent to the threads, and included the formation of bone trabeculae which radiated from the tips and bone resorption which occurred in the valleys (Fig. 2a) . The thread nearest to the rim of the cup was usually filled with soft tissue, and the HA coating had disappeared completely.
Degradation of HA was seen in all hips, and typically, resulted in the disintegration of complete segments of the coating, which was then replaced by soft tissue or bone (Figs 2b and 2c , Table IV ). Macrophages and multinucleate giant cells were regularly seen adjacent to the coating in areas where degradation of the HA was taking place (Figs 3a and 3b). Newly-formed bone was seen adjacent to the metal in the zone where the HA coating was thought once to be located (Fig. 3c) . Diffuse invasion of the coating by osteoid-like tissue or piercing of the coating by osteons was also observed. Figure 2b -Photomicrograph of area at higher magnification (* in Figure 2a) showing that the HA coating is preserved on the superior side of the thread, which is covered with dense mature bone. In the deep and inferior parts of the valley, a large segment of the HA coating has disappeared completely, and is partly replaced by younger, deep blue bone. Areas with direct bone-to-HA and bone-to-metal contact are seen. The central resorption cyst contains remnants of HA. The total implant-tissue interface was nearly equally shared between bone and soft tissue (Table IV) . The HAtissue interface contained more bone than soft tissue (p = 0.001), and more bone than the metal-tissue interface (p = 0.002). The metal-tissue interface comprised more soft tissue than bone (p = 0.019). The metal interface comprised a median of 66% HA, 5% bone, and 26% soft tissue. Wide variations were seen within the groups. The HA-tissue interface bone content of the five cups inserted at revision operations (cases 1 to 5) and the five cups inserted at primary operations (cases 6 to 10) was a median of 76% and 61%, respectively (p = 0.016). The primary group had a longer implantation time. The five infected cups did not show spread of the infection into the implant-tissue interface. No significant difference in interface distribution or HA thickness was found between infected and non-infected hips. The overall mean thickness of the HA layer of the unused reference cup was 112 µm (95% CI 109 to 115) and 103 µm (95% CI 100 to 107) and 140 µm (95% CI 137 to 144) in the threaded and unthreaded areas, respectively (p < 0.0001). The three outermost measurements on the tips of the threads and deepest in the valleys demonstrated mean HA thicknesses of 103 µm (95% CI 93 to 112) and 123 µm (95% CI 115 to 132), respectively (p = 0.0015).
In the retrieved specimens the mean thickness of the tissue-covered HA coating was 97 µm (95% CI 94 to 101), which is less than the HA thickness of the unused cup (p < 0.0001). The HA coating had a mean thickness of 120 µm (95% CI 116 to 124) when covered with bone and 58 µm (95% CI 55 to 62) when covered with soft tissue (p < 0.0001), both less than the reference cup (p < 0.0001). No difference in the thickness of the HA was found between threaded and unthreaded areas of the retrieved cups. There are numerous small metal particles, mostly within macrophages.
In the two cups which had been reimplanted for 0.3 and 0.4 years (cases 1 and 2), we found that, out of 24, nine and 15 threads had a continuous HA coating, except for defects on the tips of two and three threads, respectively. The remaining cups had just four threads with a continuous coating. Three of them had tip defects (Table V) .
Flakes of HA coating, located more than 150 µm from the metal, were observed in soft tissue and bone adjacent to two cups (Table V) . One intraosseous piece of HA was located near the tip of a thread. In all the hips, small HA particles were found in the soft tissue which were related to disintegration of the coating. Metal and polyethylene particles were observed in soft-tissue areas beside the five cups with an implantation time of 4.2 years or more (cases 6 to 10), near to the edge and deep to the implant border (Figs 4a  and 4b ; Table V ). Osteoclastic bone resorption was seen adjacent to soft tissue which contained such particles (Fig.  4c ).
Discussion
The analysis of surgically removed implants involves considerable sources of error, the most important being the damage created by surgical trauma. Since bone is supposed to be more strongly attached to the prosthesis than to the soft tissue, disruption of the implant-soft tissue interface may occur more easily than at the implant-bone interface. We excluded those implant surfaces which were not covered by tissue. More of that surface could have been covered by soft tissue than by bone. Consequently, when considering the overall implant surface, our results may overestimate bone ingrowth and direct implant-bone contact. The hips required reoperation because of complications, which could also have influenced the specimens. Infection, for example, may theoretically lead to a decrease in pH which may increase dissolution of HA. We found no correlation between the results and the clinical condition, or the length of follow-up.
Our observation of rapid fixation of the implant by coalescence of old bone and osteoid-like tissue, which formed directly onto the HA coating, agrees with that of previous reports. 16, 17 Such ingrowth also takes place after revision with bone defects and even in the presence of infection. Bone anchoring of the implant can occur as soon as 0.3 years after surgery. The bone content of the threads was similar to the surroundings, which suggests a mechanical interlock which is probably an important contribution to improved stability when compared with unthreaded HA cups. Unsatisfactory results have been found with unthreaded HA-coated press-fit cups, with more than 20% loose after a mean of 7.9 years. 18 Our finding of the disconnection of all bone from the unthreaded backings during extraction suggests a poorer fixation than for threaded cups. Like Bauer et al, 19 we found bone remodelling within the threads, including resorption in the valleys and condensation around the tips. This could possibly impair fixation of the cup in the long term. Loosening of identical screw cups has been reported after many years of radiological integration and good function. 9 Rahbek et al 20 demonstrated experimentally the ability of HA-coated implants to inhibit the migration of polyethylene particles into the implant interface. Clinically, we found that extremely high intra-articular levels of polyethylene and metal particles resulted in dissemination of the particles into the soft-tissue areas behind the cup. Even so no reduction of implant bonding was seen. Bone resorption and osteolysis may be related to the abundance of particles. 21, 22 Our study did not clarify whether polyethylene and metal particles stimulated degradation of HA. Spreading of infection along the interface appeared to be prevented, and there was no indication of loosening of the infected cups.
We believe that the finding of about 50% of soft tissue in the implant-tissue interface may represent a risk for loosening. By comparison, Albrektsson et al 23 related clinically observed 'osseo-integration' to 60% or more of bony contact and 70% or more of bone filling of individual threads at the cortical passage, which was found in 29 and 28 of 30 loaded titanium dental implants, respectively. Variations may result in hips with even less bone bonding, which may lead to loosening after only minor mechanical loading.
Varying HA resorption has been demonstrated in several human retrieval studies. 15, 16, 18, [22] [23] [24] [25] [26] [27] [28] We found degradation of HA with macrophages and multinucleate giant cells to be a constant feature which would probably continue until all the HA had been resorbed, even if the speed varied. In our material, approximately one-third of the anticipated length and thickness of the HA was missing. A thick coating, like that used in our study, will need more time for disintegration than a thin one. This may prolong soft-tissue inflammation at the interface and weaken the fixation of the prosthesis. Thin coatings are thought to have superior mechanical properties, but even they will probably not prevent the process of degradation. 1, 29 Our observations of degradation of HA which resulted in a metal-tissue interface with a high degree of soft tissue, and an HA-tissue interface, the bone content of which declined with time, may herald poor long-term prosthetic anchoring.
We found the HA coating of the unused reference cup to be thinner than the figure quoted by the manufacturer. This may imply great variation and inadequate production control of the thickness of the coating. The original thickness of HA of our cups may therefore have varied. The increased thickness of HA in the bottom of the threads was probably caused by reflection of plasma-sprayed HA particles from the sides of the valleys with eventual accumulation capture in the bottom. Decreased HA thickness, when covered by soft tissue compared with bone, has been seen previously, and is a natural effect of degradation of HA by soft tissue. 27 We found some indication of abrasion of HA at the tips of the threads during insertion, but this is probably a minor problem since most abraded HA flakes will probably be buried in the periacetabular bone.
